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IMAGING DEVICE AND ELECTRONIC
DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. National Phase Application
under 35 U.S.C. § 371 of International Application PCT/

I1B2020/056448, filed on Jul. 9, 2020, which 1s incorporated
by reference and claims the benefit of foreign priority

applications filed 1n Japan on Jul. 19, 2019, as Application
No. 2019-133327 and on Jul. 26, 2019, as Application No.

2019-137548.

TECHNICAL FIELD

One embodiment of the present invention relates to an
imaging device.
Note that one embodiment of the present invention 1s not

limited to the above technical field. The technical field of

one embodiment of the mvention disclosed in this specifi-
cation and the like relates to an object, a method, or a
manufacturing method. One embodiment of the present
invention relates to a process, a machine, manufacture, or a
composition of matter. Specifically, examples of the techni-
cal field of one embodiment of the present mvention dis-
closed 1n this specification include a semiconductor device,
a display device, a liquid crystal display device, a light-
emitting device, a lighting device, a power storage device, a
memory device, an imaging device, a driving method
thereof, and a manufacturing method thereof.

In this specification and the like, a semiconductor device
means every device that can function by utilizing semicon-
ductor characteristics. A transistor and a semiconductor
circuit are embodiments of semiconductor devices. In some
cases, a memory device, a display device, an 1maging
device, or an electronic device includes a semiconductor
device.

BACKGROUND ART

A technique for forming a transistor by using an oxide
semiconductor thin film formed over a substrate has
attracted attention. For example, an imaging device with a
structure 1n which a transistor including an oxide semicon-
ductor and having an extremely low off-state current 1s used
in a pixel circuit 1s disclosed 1n Patent Document 1.

A technique which adds an arithmetic function to an
imaging device 1s disclosed 1n Patent Document 2.

In Patent Document 3, an imaging e¢lement including a
plurality of sensor chips 1s disclosed.

REFERENC.

L1l

Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2011-119711

[ Patent Document 2] Japanese Published Patent Application
No. 2016-123087

| Patent Document 3] Japanese Published Patent Application
No. 2018-117027

SUMMARY OF THE INVENTION

Problems to be Solved by the Invention

With the technological development, a high-quality image
can be easily captured by an imaging device provided with
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a solid-state imaging element such as a CMOS 1mage sensor.
In the next generation, an 1maging device 1s required to be

equipped with more intelligent functions.

In the present image data compression, image recognition,
or the like, image data (analog data) 1s converted into digital
data, taken out to the outside of the imaging device, and then
subjected to processing. It the processing can be carried out
in the 1maging device, higher-speed communication with an
external device 1s achieved, improving user’s convenience.
Furthermore, load and power consumption of a peripheral
device or the like can be reduced. Moreover, 11 complicated
data processing 1s performed using analog data not con-
verted, time required for data conversion can be shortened.

Thus, an object of one embodiment of the present mnven-
tion 1s to provide an 1maging device capable of 1mage
processing. Another object 1s to provide an 1maging device
with low power consumption. Another object 1s to provide
an 1maging device with high reliability. Another object is to
provide a novel imaging device or the like. Another object
1s to provide a method for driving the above imaging device.

Another object of one embodiment of the present 1nven-
tion 1s to provide an 1maging device capable of inhibiting
analog data fluctuation and executing data processing.
Another object 1s to provide an 1maging device capable of
executing analog data processing with reduced power con-
sumption. Another object 1s to provide an 1maging device
with a reduced circuit area. Another object 1s to provide an
imaging device including a photoelectric conversion device
with a large area. Another object 1s to provide an 1maging
device 1 which the degree of integration of pixels 1is
increased. Another object 1s to provide an 1maging device at
low cost. Another object 1s to provide a novel semiconductor
device or the like.

Note that the description of these objects does not pre-
clude the existence of other objects. One embodiment of the
present invention does not have to achieve all these objects.
Other objects are apparent from and can be derived from the
description of the specification, the drawings, the claims,

and the like.

Means for Solving the Problems

One embodiment of the present invention relates to an
imaging device which can retain data in a pixel and perform
arithmetic processing on the data.

One embodiment of the present mnvention 1s an 1maging,
device including a pixel block and a first circuit; the pixel
block includes a plurality of pixels arranged 1n a matrix; the
pixel block and the first circuit are electrically connected;
cach of the plurality of pixels includes a photoelectric
conversion device, a first transistor, a second transistor, and
a capacitor; the photoelectric conversion device and the first
transistor are formed in a first layer; the capacitor 1s formed
in a second layer; the second layer 1s bonded to the first
layer; each of the first transistor and the second transistor
includes silicon in a channel formation region; one of a
source and a drain of the first transistor 1s electrically
connected to one of electrodes of the photoelectric conver-
sion device, and the other 1s electrically connected to one of
clectrodes of the capacitor; one of a source and a drain of the
second transistor 1s electrically connected to the other elec-
trode of the capacitor; each of the plurality of pixels has a
function of generating first data and a function of multiply-
ing the first data to have a given magnification to generate
second data; the first circuit has a function of generating
third data corresponding to a total of the first data generated
by the plurality of pixels and a function of adding a potential
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corresponding to a total of the second data generated by the
plurality of pixels to the third data by capacitive coupling to
form fourth data; and the first data and the second data each
have an analog value. The plurality of pixels included 1n the
pixel block 1s electrically connected to the first circuat.

Another embodiment of the present invention 1s an 1mag-
ing device including a pixel block and a first circuit; the
pixel block includes a plurality of pixels arranged in a
matrix; the plurality of pixels and the first circuit are
clectrically connected; each of the plurality of pixels include
a photoelectric conversion device, a first transistor, a second
transistor, and a capacitor; the photoelectric conversion
device and the first transistor are formed 1n a first layer; the
capacitor and the second transistor are formed in a second
layer; the second layer 1s bonded to the first layer in a
bonding step; each of the first transistor and the second
transistor includes silicon 1n a channel formation region; one
of a source and a drain of the first transistor 1s electrically
connected to one of electrodes of the photoelectric conver-
s1ion device, and the other 1s electrically connected to one of
clectrodes of the capacitor; one of a source and a drain of the
second transistor 1s electrically connected to the other elec-
trode of the capacitor; each of the plurality of pixels has a
function of generating first data and a function of multiply-
ing the first data to a given magnification to form second
data; the first circuit has a function of generating third data
corresponding to a total of the first data generated by the
plurality of pixels and a function of adding a potential
corresponding to a total of the second data generated by the
plurality of pixels to the third data by capacitive coupling to
form fourth data; and the first data and the second data each
have an analog value.

In the above structure, the first layer 1s preferably formed
over a first silicon substrate, and an n-type region included
in the photoelectric conversion device preferably serves as
the one of the source and the drain of the first transistor.

In the above structure, the capacitor 1s preferably a trench
capacitor.

Another embodiment of the present invention 1s an elec-
tronic device including the imaging device described above
and a display device.

Eftect of the Invention

With one embodiment of the present mnvention, an 1mag-
ing device capable of executing image processing can be
provided. An 1maging device with low power consumption
can be provided. An imaging device with high reliability can
be provided. A novel imaging device or the like can be
provided. A method for driving the above imaging device
can be provided.

With use of one embodiment of the present invention, an
imaging device capable of mnhibiting analog data fluctuation
and executing data processing can be provided. Further-
more, an 1imaging device capable of executing analog data
processing with low power consumption can be provided.
Furthermore, an 1imaging device with a reduced circuit area
can be provided. Furthermore, an 1imaging device including
a photoelectric conversion device with a large area can be
provided. Furthermore, an 1maging device in which the
degree of mtegration of pixels 1s increased can be provided.
Furthermore, an 1imaging device manufactured at low cost
can be provided. Furthermore, a novel semiconductor device
can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram 1llustrating an 1imaging device.
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FIG. 2 1s a diagram illustrating a pixel block 200 and a
circuit 201.

FIG. 3A and FI1G. 3B are diagrams illustrating a pixel 100.

FIG. 4A and FIG. 4B are each a timing chart illustrating,
operations of the pixel block 200 and the circuit 201.

FIG. 5A and FIG. 5B are diagrams 1llustrating circuits 301
and a circuit 302.

FIG. 6 1s a diagram illustrating a pixel included in the
circuit 302.

FIG. 7A and FIG. 7B are diagrams showing structure
examples of neural networks.

FIG. 8 1s a diagram 1llustrating a circuit 304.

FIG. 9 1s a timing chart 1llustrating operation of the circuit
304.

FIG. 10 1s a timing chart illustrating operation of the
circuit 304.

FIG. 11A 1s a diagram 1illustrating a rolling shutter opera-
tion. FIG. 11B 1s a diagram illustrating a global shutter
operation. FIG. 11C 1s an example of a pixel.

FIGS. 12A to 12F are diagrams illustrating structures of
a pixel of an 1maging device.

FIG. 13A 1s a cross-sectional view illustrating a pixel.
FIG. 13B 1s a cross-sectional view illustrating a pixel.

FIG. 14 1s a cross-sectional view illustrating a pixel.

FIG. 15 1s a cross-sectional view illustrating a pixel.

FIG. 16A 1s a cross-sectional view illustrating a pixel.
FIG. 16B 1s a cross-sectional view illustrating a pixel.

FIG. 17A 1s a cross-sectional view illustrating a pixel.
FIG. 17B 1s a cross-sectional view illustrating a pixel.

FIGS. 18A to 18C are diagrams 1llustrating S1 transistors.

FIGS. 19A to 19F are perspective views illustrating a
package and a module including an 1imaging device.

FIGS. 20A to 20F are diagrams illustrating electronic
devices.

MODE FOR CARRYING OUT THE INVENTION

Embodiments are described 1n detail with reference to the
drawings. However, the present invention 1s not limited to
the following description, and 1t 1s readily appreciated by
those skilled in the art that modes and details can be
modified in various ways without departing from the spirit
and the scope of the present invention. Therefore, the present
invention should not be interpreted as being limited to the
description of the embodiment below. Note that 1n structures
of the invention described below, the same portions or
portions having similar functions are denoted by the same
reference numerals 1n different drawings, and the description
thereol 1s not repeated 1n some cases. The same components
are denoted by different hatching patterns 1n different draw-
ings, or the hatching patterns are omitted 1n some cases.

Even 1n the case where a single component 1s 1llustrated
in a circuit diagram, the component may be composed of a
plurality of parts as long as there 1s no functional 1nconve-
nience. For example, in some cases, a plurality of transistors
that operate as a switch are connected 1n series or 1n parallel.
In some cases, capacitors are divided and arranged in a
plurality of positions.

One conductor has a plurality of functions such as a
wiring, an electrode, and a terminal 1 some cases. In this
specification, a plurality of names are used for the same
component 1n some cases. Even 1n the case where compo-
nents are illustrated 1 a circuit diagram as if they were
directly connected to each other, the components may actu-
ally be connected to each other through a plurality of
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conductors; 1 this specification, even such a structure is
included in the category of direct connection.

Embodiment 1

In this embodiment, an 1maging device of one embodi-
ment of the present invention 1s described with reference to
drawings.

One embodiment of the present invention 1s an 1maging,
device having an additional function such as image recog-
nition. The 1maging device can retain analog data (1mage
data) obtained by an image-capturing operation 1n a pixel
and extract data obtained by multiplying the analog data by
a predetermined weight coeflicient.

When the data 1s taken 1n a neural network or the like,
processing such as image recognition can be performed.
Since enormous volumes of image data 1n the state of analog
data can be retained 1n pixels, processing can be performed
ciliciently.

FIG. 1 1s a block diagram 1llustrating an 1maging device
of one embodiment of the present invention. The 1imaging
device includes a pixel array 300, a circuit 201, a circuit 301,
a circuit 302, a circuit 303, a circuit 304, and a circuit 305.
Note that the structures of the circuit 201 and the circuit 301
to the circuit 305 are not limited to single circuits and may
cach consist of a plurality of circuits. Furthermore, any of
two or more of the circuits described above may be com-
bined. The pixel array 300 has an image-capturing function
and an arithmetic function. The circuits 201 and 301 each
have an arnithmetic tunction. The circuit 302 has an arith-
metic function or a data conversion function. The circuits
303 and 304 cach have a selection function. The circuit 305
has a function of supplying a potential to a pixel.

The pixel array 300 includes a plurality of pixel blocks
200. As illustrated 1n FIG. 2, the pixel block 200 includes a
plurality of pixels 100 arranged in a matrix, and each of the
pixels 100 1s electrically connected to the circuit 201. Note
that the circuit 201 can also be provided 1n the pixel block
200.

The pixel 100 can obtain image data. Note that the
number of pixels 1s 2x2 1n an example illustrated in FIG. 2
but 1s not limited to this.

The pixel block 200 operates as a product-sum operation
circuit. The circuit 201 electrically connected to the pixel
block 200 can extract the product of the image data and a
weilght coeflicient from the pixel 100. The circuit 201 also
has a function of a correlated double sampling circuit (CDS
circuit).

As 1llustrated 1n FIG. 3A, the pixel 100 can include a
photoelectric conversion device 101, a transistor 102, a
transistor 103, a capacitor 104, a transistor 103, a transistor
106, a transistor 108, and a capacitor 150.

One electrode of the photoelectric conversion device 101
1s electrically connected to one of a source and a drain of the
transistor 102. The other of the source and the drain of the
transistor 102 1s electrically connected to one of a source and
a drain of the transistor 103. The one of the source and the
drain of the transistor 103 1s electrically connected to one of
clectrodes of the capacitor 104. The one electrode of the
capacitor 104 1s electrically connected to a gate of the
transistor 105. One of a source and a drain of the transistor
105 1s electrically connected to one of a source and a drain
of the transistor 108. The other electrode of the capacitor 104
1s electrically connected to one of a source and a drain of the
transistor 106.

One of electrodes of the capacitor 150 1s electrically
connected to the gate of the transistor 105. The other
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clectrode of the capacitor 150 1s electrically connected to a
ground potential. The other electrode of the capacitor 150
may be electrically connected to a substrate potential of a
silicon substrate, for example. Although FIG. 3A shows an
example 1n which the other of the source and the drain of the
transistor 105 1s electrically connected to the other electrode
of the capacitor 150, they may be independently connected
to wirings with different potentials or the like. In addition,
although FIG. 3A shows an example 1in which the other of
the source and the drain of the transistor 105 1s electrically
connected to the ground potential, the other of the source
and the drain of the transistor 105 may be electrically
connected to a signal line or the like.

Here, a point where the other of the source and the drain
of the transistor 102, the one of the source and the drain of
the transistor 103, the one of electrodes of the capacitor 104,
and the gate of the transistor 105 are electrically connected
1s referred to as a node N.

By increasing the capacitance of the capacitor 104 and the
capacitor 150, a change 1n the potential at the node N can be
inhibited. Note that the pixel 100 may have a structure 1n
which either the capacitor 104 or the capacitor 150 1s not
provided.

By increasing the capacitance of one or both of the
capacitor 104 and the capacitor 150, the amount of charges
accumulated 1n the node N can be increased, for example,
whereby a change in potential due to leakage can be 1nhib-
ited. By increasing the capacitance, the voltage of a signal
supplied to a wiring 111 can be lowered, for example. Thus,
power consumption of the circuit 305 can be reduced in
sOme cases.

The other electrode of the photoelectric conversion device
101 1s electrically connected to a wiring 114. A gate of the
transistor 102 1s electrically connected to a wiring 116. The
other of the source and the drain of the transistor 103 1is
clectrically connected to a wiring 115. A gate of the tran-
sistor 103 1s electrically connected to a wiring 117. The other
of the source and the drain of the transistor 103 1s electrically
connected to a GND wiring or the like. The other of the
source and the drain of the transistor 108 1s electrically
connected to a wiring 113. The other of the source and the
drain of the transistor 106 1s electrically connected to the
wiring 111. A gate of the transistor 106 1s clectrically
connected to a wiring 112. A gate of the transistor 108 1is
clectrically connected to a wiring 122.

The wirings 114 and 115 can each have a function of a
power supply line. For example, the wiring 114 can function
as a high potential power supply line, and the wiring 115 can
function as a low potential power supply line. The wirings
112, 116, 117, and 122 can function as signal lines for
controlling the electrical conduction of the respective tran-
sistors. The wiring 111 can function as a wiring for supply-
ing a potential corresponding to a weight coeflicient to the
pixel 100. The wiring 113 can function as a wiring which
clectrically connects the pixel 100 and the circuit 201.

The circuit 303 has a function of supplying a signal to the
wiring 112. The circuit 304 has a function of supplying a
signal to the wiring 122. The circuit 305 has a function of
supplying a signal to the wiring 111.

Note that an amplifier circuit or a gain control circuit may
be electrically connected to the wiring 113.

As the photoelectric conversion device 101, a photodiode
can be used. In order to increase the light detection sensi-
tivity under low illuminance conditions, an avalanche pho-
todiode 1s preferably used.

The transistor 102 can have a function of controlling the
potential of the node N. The transistor 103 can have a
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function of initializing the potential of the node N. The
transistor 105 can have a function of controlling a current
fed by the circuit 201 1n accordance with the potential of the
node N. The transistor 108 can have a function of selecting
a pixel. The transistor 106 can have a function of supplying
the potential corresponding to the weight coethlicient to the
node N.

Note that as 1llustrated in FIG. 3B, the transistor 105 and
the transistor 108 may be arranged such that the one of the
source and the drain of the transistor 1035 1s electrically
connected to the one of the source and the drain of the
transistor 108, the other of the source and the drain of the
transistor 103 1s connected to the wiring 113, and the other
of the source and the drain of the transistor 108 1s electrically
connected to a GND wiring or the like.

In the imaging device of one embodiment of the present
invention, charges can be held at the node N for an
extremely long period by an increase of the capacitance
value of the capacitor 104. Therefore, a global shutter mode
in which a charge accumulation operation is performed 1n all
the pixels at the same time can be used without complicating,
the circuit structure and operation method. Furthermore,
while 1mage data 1s retained at the node N, an arithmetic
operation using the image data can be performed a plurality
of times.

For example, at a first time, 1mage data 1s held at the node
N 1n a predetermined pixel. At a second time when a
predetermined time has passed since the first time, the 1image
data held at the node N (hereimaftter, first data) 1s read out,
exposure 1s performed on the predetermined pixel, and data
allected by the exposure (hereinaiter, second data) 1s accu-
mulated at the node N. Thus, the first data and the second
data can be compared.

Note that transistors with a variety of modes can be used
as the transistors used in the pixel 100. The transistor of one
embodiment of the present invention preferably include
silicon 1n a channel formation region, for example. Further-
more, the transistor may include germanium, in addition to
s1licon, 1n the channel formation region.

As a transistor used 1 the pixel 100, a transistor 1n which
silicon 1s used for a channel formation region (hereinafter
referred to as Si1 transistor) can be used, for example.
Examples of the S1 transistor include a transistor including
amorphous silicon and a transistor including crystalline
silicon (microcrystalline silicon, low-temperature polysili-
con, or single crystal silicon).

The transistor 105 desirable has excellent amplifying
characteristics. The transistors 106 and 108 are preferably
transistors having a high mobility to be capable of high-
speed operation because the transistors 106 and 108 are
repeatedly turned on and ofl’ at frequent intervals. Accord-
ingly, it 1s particularly preferable that the transistors 105,
106, and 108 are Si1 transistors.

Note that the transistor used in the 1maging device of one
embodiment of the present mvention may be a transistor
including a metal oxide such as In, Zn, and M (M 1s Al, Ti,
Ga, Ge, Sn, Y, Zr, La, Ce, Nd, or Hf) in a channel formation
region (the transistor 1s hereinafter referred to as OS tran-
sistor). The OS transistor 1s preferably formed over an
isulating layer over a substrate, for example. In addition,
the OS transistor can be provided to be stacked with a S1
transistor, for example. A gate, a source region, and a drain
region of the OS transistor are, for example, provided apart
from a transistor formed on a silicon substrate, a capacitor,
and the like with an insulating layer and are electrically
connected to the transistor, the capacitor, and the like
through a conductive layer provided in the insulating layer.
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The potential of the node N 1n the pixel 100 1s determined
by capacitive coupling between a potential obtained by
adding a reset potential supplied from the wiring 115 and a
potential (image data) generated by photoelectric conversion
by the photoelectric conversion device 101 and the potential
corresponding to a weight coeflicient supplied from the
wiring 111. That 1s, a current corresponding to data including
a product of a predetermined weight coeflicient and the
image data flows through the transistor 105.

As 1llustrated 1n FIG. 2, the pixels 100 are electrically
connected to each other through the wiring 113. The circuit
201 can perform an arithmetic operation using the sum of the
currents flowing through the transistors 105 of the pixels
100.

The circuit 201 includes a capacitor 202, a transistor 203,
a transistor 204, a transistor 205, a transistor 206, and a
resistor 207.

One of clectrodes of the capacitor 202 is electrically
connected to one of a source and a drain of the transistor
203. The one of the source and the drain of the transistor 203
1s electrically connected to a gate of the transistor 204. One
of a source and a drain of the transistor 204 1s electrically
connected to one of a source and a drain of the transistor
203. The one of the source and the drain of the transistor 205
1s electrically connected to one of a source and a drain of the
transistor 206. One of electrodes of the resistor 207 1s
clectrically connected to the other electrode of the capacitor
202.

The other electrode of the capacitor 202 1s electrically
connected to the wiring 113. The other of the source and the
drain of the transistor 203 1s electrically connected to a
wiring 218. The other of the source and the drain of the
transistor 204 1s electrically connected to a wiring 219. The
other of the source and the drain of the transistor 205 1is
clectrically connected to a reference power supply line such
as a GND wiring. The other of the source and the drain of
the transistor 206 1s electrically connected to a wiring 212.
The other electrode of the resistor 207 1s electrically con-
nected to a wiring 217. A gate of the transistor 203 1s
clectrically connected to a wiring 216. A gate of the tran-
sistor 205 1s electrically connected to a wiring 215. A gate
of the transistor 206 1s electrically connected to a wiring
213.

The wirings 217, 218, and 219 can each have a function
of a power supply line. For example, the wiring 218 can
have a function of a wiring which supplies a potential
dedicated to reading. The wirings 217 and 219 can function
as high potential power supply lines. The wirings 213, 215,
and 216 can function as signal lines for controlling the
clectrical conduction of the respective transistors. The wir-
ing 212 1s an output line and can be electrically connected
to the circuit 301 illustrated 1n FIG. 1, for example.

The transistor 203 can have a function of resetting the
potential of the wiring 211 to the potential of the wiring 218.
The transistors 204 and 205 can function as source follower
circuits. The transistor 206 can have a function of control-
ling a reading operation.

In one embodiment of the present invention, offset com-
ponents other than the product of image data (potential X)
and a weight coethicient (potential W) are eliminated and
WX that 1s objective data 1s extracted. WX can be calculated
using data obtained from a pixel when 1imaging 1s performed
and when data obtained when 1imaging 1s not performed, and
using data obtained by supplying weights to the respective
data.

The total amount of the currents (Ip) tlowing through the
pixels 100 when imaging is performed is kX(X-V,,)*, and
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the total amount of the currents (Ip) tlowing through the
pixels 100 when weights are supplied is kZ(W+X-V )",
The total amount of the currents (Iref) tlowing through the
pixels 100 when imaging is not performed is k2(0-V )",
and the total amount of currents (Iref) flowing through the
pixels 100 when weights are supplied is kX(W-V ;)*. Here,

k 1s a constant and V, 1s the threshold voltage of the
transistor 103.

First, a difference (data A) between the data obtained
when 1mage capturing 1s performed and the data obtained by
adding weights to the data 1s calculated. The diflerence 1s
K((X-V,, ) -(W+X-V_ )=KZ(-W"-2W-X+2W-V ).

Next, a diflerence (data B) between the data obtained
when 1mage capturing 1s not performed and the data
obtained by adding welghts to the data 1s calculated. The
difference is k2((0-V ,, )" -(W-V )" )=kZ(-W*+2W-V ).

Then, a difference between the data A and the data B 1s
calculated. The difference 1s kX(- W2—2W X+2W-V , —(-
W2+2W -V )=k=(-2W-X). That is, offset components other
than the product of the image data (X) and the weight
coellicient (W) can be eliminated.

The circuit 201 can read out the data A and the data B.
Note that the calculation of the difference between the data
A and the data B can be performed by the circuit 301.

FIG. 4A 15 a tlmmg chart illustrating an operation of
calculating the difference (data A) between the data obtained
when 1mage capturing is performed and the data obtained by
adding weights to the data in the pixel block 200 and the
circuit 201. For convenience, the timings of changing sig-
nals are matched in the chart; however, 1n reality, the timings
are preferably shifted 1in consideration of the delay 1nside the
circuit.

First, in a period T1, the potential of the wiring 117 1s set
to “H” and the potential of the wiring 116 1s set to “H”, so
that the nodes N 1n the pixels 100 have reset potentials.
Furthermore, the potential of the wiring 111 1s set to “L”” and
wirings 112_1 and 112_2 (the wirings 112 1n the first and
second rows) are set to “H”, so that weight coetlicients O are
written.

In a period T2, the potential of the wiring 116 1s kept at
“H” and the potential of the wiring 117 1s set to “L”", so that
the potential X (1mage data) 1s written to the nodes N by
photoelectric conversion of the photoelectric conversion
devices 101.

In a period T3, the potentials of wirings 122_1 and 122_2
are set to “H”, so that all of the pixels 100 1n the pixel block
are selected. At this time, a current corresponding to the
potential X flows to the transistor 105 1n each of the pixels
100. The wiring 216 1s set to “H”, so that a potential Vr of
the wiring 218 1s written to the wiring 211. The operation in
the periods T1 to T3 corresponds to obtainment of the data
obtained when 1maging is performed, and the data 1s repre-
sented by the potential Vr of the wiring 211.

In a period T4, the potential of the wiring 111 1s set to a
potential corresponding to a weight coeflicient W111 (a
weight added to the pixels 1n the first row), and the potential
of the wiring 112 1 1s set to “H”, so that the weight
coellicient W111 1s added to the nodes N of the pixels 100
in the first row by capacitive coupling of the capacitors 104.

In a period T35, the potential of the wiring 111 1s set to a
potential corresponding to a weight coeflicient W112 (a
weight added to the pixels 1n the second row), and the
potential of the wiring 112_2 1s set to “H”, so that the weight
coellicient W112 1s added to the nodes N of the pixels 100
in the second row by capacitive coupling of the capacitors
104. The operation in the periods T4 and TS corresponds to
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generation of data 1n which weights are added to the data
obtained when 1maging 1s performed.

In a period T6, the potentials of the wirings 122_1 and
122 2 are set to “H”, so that all of the pixels 100 in the pixel
block are selected. At this time, a current corresponding to
the potential W111+X flows to the transistors 105 1n the
pixels 100 1n the first row. A current corresponding to the
potential W112+X flows to the transistors 105 1n the pixels
100 1n the second row. Here, the potential of the other
clectrode of the capacitor 202 changes 1n accordance with
the current flowing through the wiring 113, and an amount
Y of change 1s added to the potential Vr of the wiring 211 by
capacitive coupling. Accordingly, the potential of the wiring
211 becomes “Vr+Y”’. Here, given that Vr=0, Y 1is the
difference itself, which means that the data A 1s calculated.

Furthermore, the wiring 213 and the wiring 215 are set to
“H”, so that the circuit 201 can output a signal potential
corresponding to the data A of the pixel blocks 200 in the

first row by a source follower operation.

FIG. 4B 1s a timing chart illustrating an operation of
calculating the difference (data B) between the data obtained
when 1maging 1s not performed and the data obtained by
adding the weight to the data in the pixel blocks 200 and the
circuit 201. Although an operation of consecutively obtain-
ing the data B from the pixel blocks 200 1s described here,
the obtainment of the data B and the obtainment of the data
A shown 1n FIG. 4 may be alternately performed. Alterna-
tively, the data A may be obtained after the data B 1s
obtained.

First, in the periods T1 and T2, the potential of the wiring
117 1s set to “H” and the potential of the wiring 116 1s set to
“H”, so that the nodes N in the pixels 100 have reset
potentials (0). At the end of the period 12, the potential of
the wiring 117 1s set to “L”” and the potential of the wiring
116 1s set to “L”". That 1s, 1n the periods, the potentials of the
nodes N are the reset potentials regardless of the operation
of the photoelectric conversion devices 101.

In addition, in the period T1, the potential of the wiring
111 1s set to “L”” and the wirings 112_1 and 112_2 are set to
“H”, so that weight coeltlicients O are written. This operation
1s performed during a period in which the potentials of the
nodes N are the reset potentials.

In a period T3, the potentials of wirings 122_1 and 122_2
are set to “H”, so that all of the pixels 100 1n the pixel block
are selected. Atthis time, a current corresponding to the reset
potential flows to the transistor 105 1n each of the pixels 100.
The wiring 216 1s set to “H”, so that a potential Vr of the
wiring 218 1s written to the wiring 211. The operation 1n the
periods T1 to T3 corresponds to obtainment of the data
obtained when i1maging 1s not performed, and the data is
represented by the potential Vr of the wiring 211.

In a period T4, the potential of the wiring 111 1s set to a
potential corresponding to a weight coeflicient W111 (a
weight added to the pixels 1n the first row), and the potential
of the wiring 112 1 1s set to “H”, so that the weight
coellicient W111 1s added to the nodes N of the pixels 100
in the first row by capacitive coupling of the capacitors 104.

In a period T5, the potential of the wiring 111 1s set to a
potential corresponding to a weight coeflicient W112 (a
weight added to the pixels 1n the second row), and the
potential of the wiring 112_2 1s set to “H”, so that the weight
coellicient W112 1s added to the nodes N of the pixels 100
in the second row by capacitive coupling of the capacitors
104. The operation in the periods T4 and T5 corresponds to
generation of data in which weights are added to the data
obtained when 1maging 1s not performed.
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In a period T6, the potentials of the wirings 122 1 and
122 2 are set to “H”, so that all of the pixels 100 in the pixel
block are selected. At this time, a current corresponding to
the potential W111+0 flows to the transistors 105 1n the
pixels 100 1n the first row. A current corresponding to the
potential W112+0 flows to the transistors 105 in the pixels
100 1n the first row. Here, the potential of the other electrode
of the capacitor 202 changes 1n accordance with the current
ﬂowing through the wiring 113, and the amount Y of change
1s added to the potentlal Vr of the wiring 211. Accordmgly,,
the potential of the wiring 211 becomes “Vr+Y . Here, given
that Vr=0, Y 1s the diflerence itself, which means that the
data B 1s calculated.

Furthermore, the wiring 213 and the wiring 215 are set to
“H”, so that the circuit 201 can output a signal potential
corresponding to the data B of the pixel blocks 200 in the
first row by a source follower operation.

The data A and the data B output from the circuit 201 in
the above operations are mput to the circuit 301. Calculation
of the difference between the data A and the data B 1is
performed 1n the circuit 301, so that unnecessary oflset
components other than the product of the image data (poten-
tial X) and the weight coeflicient (potential W) can be
climinated. The circuit 301 may have a structure in which
the difference 1s calculated by utilizing a memory circuit and
soltware processing, other than the structure including an
arithmetic circuit such as the circuit 201.

The circuit 301 may include an analog-digital conversion
circuit. For example, data supplied to the circuit 301, e.g.,
the data A and the data B may be converted into digital
values and stored in the memory circuit, whereby calcula-
tion may be performed.

In the case where the multiplication of 1mage data (poten-
t1al X) and weight coellicient (potential W) 1s not performed,
the operation of the period T4 and the operation of the period
T5 1llustrated in FIG. 4A and FIG. 4B are not necessarily
performed. For example, the wiring 111 may be kept at “L”.

FIG. SA 1s a diagram illustrating the circuit 302 and the
circuits 301 connected to the circuit 201. Product-sum
operation result data output from the circuit 201 1s sequen-
tially input to the circuits 301. The circuits 301 may each
have a variety of arithmetic functions in addition to the
above-described function of calculating the difference
between the data A and the data B. For example, the circuits
301 can have a structure similar to that of the circuit 201.
Alternatively, the function of the circuits 301 may be
replaced by software processing.

The circuits 301 may each include a circuit that performs
an arithmetic operation of an activation function. A com-
parator circuit can be used as the circuit, for example. A
comparator circuit outputs a result of comparing mput data
and a set threshold as binary data. In other words, the pixel
blocks 200, the circuit 201, and the circuits 301 can operate
as part ol elements 1n a neural network.

Furthermore, 1n the case where the data output from the
pixel blocks 200, which corresponds to 1mage data of a
plurality of bits, can be binarized by the circuits 301, the
binarization can be rephrased as compression of 1image data.

Data output from the circuits 301 1s sequentially 1mput to
the circuit 302. The circuit 302 can have a structure 1includ-
ing a latch circuit, a shift register, and the like, for example.
With this structure, parallel-serial conversion can be per-
formed and data input 1n parallel can be output to the wiring
311 as serial data. The connection destination of the wiring
311 is not limited. For example, it can be connected to a
neural network, a memory device, a communication device,
or the like.
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Moreover, as illustrated 1n FIG. 5B, the circuit 302 may
include a neural network. The neural network includes
memory cells arranged 1n a matrix, and each memory cell
retains a weight coeflicient. Data output from the circuits
301 1s mnput to corresponding memory cells 320, and a
product-sum operation can be performed. Note that the
number of memory cells illustrated 1n FIG. 5B 1s an
example, and the number 1s not limited.

The neural network illustrated in FIG. 3B includes the

memory cells 320 and reference memory cells 325 which are
arranged 1n a matrix, a circuit 330, a circuit 350, a circuit

360, and a circuit 370.

FIG. 6 illustrates an example of the memory cells 320 and
the reference memory cells 325. The reference memory cells
325 are provided 1n an arbitrary one column. The memory
cells 320 and the reference memory cells 325 have similar
structures and each include a transistor 161, a transistor 162,
and a capacitor 163.

One of a source and a drain of the transistor 161 1s
clectrically connected to a gate of the transistor 162. The
gate of the transistor 162 1s electrically connected to one of
clectrodes of the capacitor 163. Here, a point where the one
of the source and the drain of the transistor 161, the gate of
the transistor 162, and the one of electrodes of the capacitor
163 are connected 1s referred to as a node NM.

A gate of the transistor 161 1s electrically connected to a
wiring WL. The other electrode of the capacitor 163 1s
clectrically connected to a wiring RW. One of a source and
a drain of the transistor 162 1s electrically connected to a
reference potential wiring such as a GND wiring.

In the memory cell 320, the other of the source and the
drain of the transistor 161 i1s electrically connected to a
wiring WD. The other of the source and the drain of the
transistor 162 1s electrically connected to a wiring BL.

In the reference memory cell 325, the other of the source
and the drain of the transistor 161 1s electrically connected
to a wiring WDret. The other of the source and the drain of
the transistor 162 1s electrically connected to a wiring BLref.

The wiring WL 1s electrically connected to the circuit 330.
As the circuit 330, a decoder, a shiit register, or the like can
be used.

The wiring RW 1s electrically connected to the circuit 301.
Binary data output from the circuit 301 1s written to each
memory cell.

The wiring WD and the wiring WDrel are electrically
connected to the circuit 350. As the circuit 350, a decoder,
a shift register, or the like can be used. The circuit 350 may
include a D/A converter or an SRAM. The circuit 350 can
output a weight coetlicient to be written to the node NM.

The wining BL and the wirning BLref are electrically
connected to the circuit 360 and the circuit 370. The circuit
360 1s a current source circuit, and the circuit 370 can have
a structure equivalent to that of the circuit 201. By the circuit
360 and the circuit 370, a signal of a product-sum operation
result from which offset components are eliminated can be
obtained.

The circuit 360 1s electrically connected to the circuit 370.
The circuit 370 can also be referred to as an activation
function circuit. The activation function circuit has a func-
tion of performing an arithmetic operation for converting the
signal input from the circuit 360 i1n accordance with a
predefined activation function. As the activation function,
for example, a sigmoid function, a tanh function, a softmax
function, a RelLU function, a threshold function, or the like
can be used. The signal converted by the activation function
circuit 1s output to the outside as output data.
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As 1llustrated in FIG. 7A, a neural network NN can be
formed of an mput layer IL, an output layer OL, and a

middle layer (hidden layer) HL. The input layer IL, the

output layer OL, and the middle layer HL. each include one
or more neurons (units). Note that the middle layer HL may
be composed of one layer or two or more layers. A neural
network icluding two or more middle layers HL can also be
referred to as a DNN (deep neural network). Learning using,
a deep neural network can also be referred to as deep
learning.

Input data 1s mput to each neuron 1n the mput layer IL. A
signal output from a neuron in the previous layer or the
subsequent layer 1s input to each neuron 1n the middle layer
HL. To each neuron 1n the output layer OL, output signals
ol the neurons 1n the previous layer are input. Note that each
neuron may be connected to all the neurons 1n the previous
and subsequent layers (full connection), or may be con-
nected to some of the neurons.

FIG. 7B shows an example of an operation with the
neurons. Here, a neuron Ne and two neurons in the previous
layer which output signals to the neuron Ne are 1llustrated.
An output X, of a neuron 1n the previous layer and an output
X, of a neuron 1n the previous layer are input to the neuron
Ne. Then, 1n the neuron Ne, a total sum x,w,+X,w, of a
multiplication result (x,w, ) of the output x, and a weight w,
and a multiplication result (x,w,) of the output x, and a
weight w, 1s calculated, and then a bias b 1s added as
necessary, so that the value a=x,w,+x,w,+b 1s obtained.
Then, the value a 1s converted with an activation function h,
and an output signal y=h(a+b) 1s output from the neuron Ne.

In this manner, the arithmetic operation with the neurons
includes the arithmetic operation that sums the products of
the outputs and the weights of the neurons in the previous
layer, that 1s, the product-sum operation (X,w,+x,w,
described above). This product-sum operation may be per-
formed using a program on software or may be performed
using hardware.

In one embodiment of the present invention, an analog
circuit 1s used as hardware to perform a product-sum opera-
tion. In the case where an analog circuit 1s used as the
product-sum operation circuit, the circuit scale of the prod-
uct-sum operation circuit can be reduced, or higher process-
ing speed and lower power consumption can be achieved by
reduced frequency of access to a memory.

FIG. 8 illustrates an example of a circuit that can be used
as the circuit 304. The circuit 1s a shift register circuit, 1n
which a plurality of logic circuits (SR) are electrically
connected. To the logic circuits (SR), signal lines such as a
wiring RES, a wiring VSS_RDRS, wirings RPWC_SE[0:3],
wirings RCLK[0:3], and a wiring RSP are connected and
appropriate signal potentials are mput to the respective
signal lines, so that selection signal potentials can be sequen-
tially output from the logic circuits (SR).

A circuit 170 1s electrically connected to the logic circuits
(SR). A plurality of transistors are provided in the circuit 170
and are connected to signal lines such as wirings SE_SW
[0:2] and wirings SX[0:2]. When appropriate signal poten-
tials are 1mput to the respective signal lines, electrical con-
duction of the transistors 1s controlled. By the control by the
circuit 170, the number of rows of pixels to be selected can
be changed.

One of a source and a drain of one transistor 1s electrically
connected to an output terminal of one logic circuit (SR),
and the other of the source and the drain of the transistor 1s
connected to the wiring SE. The wiring SE 1s electrically
connected to the wiring 122 for selecting the pixel 100.
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A signal potential supplied from the wiring SE_SW/[0]
can be mput to a gate of the transistor connected to the
wiring SE[0]. A signal potential supplied from the wiring
SE_SW]J1] can be input to a gate of the transistor connected
to the wiring SE[1]. A signal potential supplied from the
wiring SE_SW]2] can be mput to a gate of the transistor
connected to the wiring SE[2]. Signal potentials supplied
from the wirings SE_SW]0:2] can be mput to gates of the
transistors connected to the wirings SE after the wirings
SE[3] in the same order.

Moreover, adjacent wirings SE are electrically connected
to each other through one transistor, and the wiring SE[0] 1s
clectrically connected to a power supply line (VSS) through
one transistor.

A signal potential supplied from the wiring SX[0] can be
input to a gate of the transistor that electrically connects the
power supply line (VSS) and the wiring SE[0]. A signal
potential supplied from the wiring SX[1] can be mnput to a
gate of the transistor that electrically connects the wiring
SE[0] and the wiring SE[1]. A signal potential supplied from
the wiring SX][2] can be 111put to a gate of the transistor that
clectrically connects the wiring SE[1] and the wiring SE[2].
Signal potentials supplied from the wirings SE_SX][0:2] can
be mput to gates of the transistors that electrically connect
the subsequent adjacent wirings SE 1n the same order.

FIG. 9 1s a timing chart 1llustrating an operation 1n which
a plurality of rows (three rows) are selected at a time by the
circuit 1llustrated 1n FIG. 8. Note that (0) to (161) correspond
to timings at which the logic circuits (SR) output signal
potentials to the wirings SE.

When the potential of the wining SX[0] 1s “L”, the
potential of the wiring SX[1] 1s “H”, the potential of the
wiring SX|[2] 1s “H”, the potential of the wiring SE_SW]0]
1s “H”, the potential of the wiring SE_SW]1] 1s “L”, and the
potential of the wiring SE_SW]2] 1s “L”” at the timing (0),
clectrical conduction of the respective transistors 1s con-
trolled and “H”, “H”, and *“H” are output to the wiring SE[0],
the wiring SE[1], and the wiring SE[2], respectively. To the
other wirings SE, “L” 1s output.

Thus, three rows can be selected at a time, and a product-
sum operation of pixels of three rows and three columns can
be performed, for example.

When the potential of the wiring SX[0] 1s “H”, the
potential of the wiring SX[1] 1s “L”, the potential of the
wiring SX|[2] 1s “H”, the potential of the wiring SE_SW]0]
1s “L”, the potential of the wiring SE_SW][1] 1s “H”, and the
potential of the wiring SE_SW]2] 1s “L”” at the timing (1),
clectrical conduction of the respective transistors 1s con-
trolled and “L”, “H”, “H”, and “H” are output to the Wll‘lllg

SE[0], the wiring SE[1], the Wmng SE[2], and the wiring
SE[3], respectively. To the other wirings SE, “L” 1s output.
That 1s, at the timing (1), a product-sum operation with a

stride of 1, 1n which one-row shift from the timing (0) 1s
made, can be performed.

FIG. 10 1s a timing chart illustrating an operation in which
one row 1s selected by the circuit illustrated in FIG. 8.

In the operation 1n accordance with the timing chart, the
potentials of the wirings SE_SW][0:2] always remain at “H”,
and the potentials of the wirings SX[0:2] always remain at
“L”. Thus, outputs of the logic circuits (SR) are mput to the
respective wirings SE without any changes, which enables
selection of one row at a time.

As an 1maging method that can be used for the 1imaging
device of one embodiment of the present invention, a rolling
shutter system and a global shutter system are described.

FIG. 11A 1s a schematic view of the operation method

with a rolling shutter system, and FIG. 11B 1s a schematic
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view ol a global shutter system. Note that En denotes
exposure (accumulation operation) in the n-th column (n 1s
a natural number), and Rn denotes reading operation 1n the
n-th column. FIG. 11A and FIG. 11B show operation from
the first row to the M-th row (M 1s a natural number).

The rolling shutter system 1s an operation mode 1n which
exposure and data reading are performed sequentially and a
reading period of a row overlaps with an exposure period of
another row. The reading operation 1s performed right after
the exposure, so that images can be taken even with a circuit
structure having a relatively short data retention period.
However, an 1mage of one frame 1s composed of data that
does not have simultaneity of imaging; therefore, distortion
1s caused 1n an 1mage when 1maging of a moving object 1s
performed.

On the other hand, the global shutter system 1s an opera-
tion mode 1 which exposure 1s performed on all the pixels
at the same time, data 1s retained 1 each pixel, and data
reading 1s performed row by row. Thus, an undistorted
image can be obtained even when imaging of a moving
object 1s performed.

The 1maging device of one embodiment of the present
invention enables fluctuation of data potentials accumulated
in pixels by exposure to be extremely small when the
capacitance values of capacitors such as the capacitor 104
illustrated 1 FIG. 3A and FIG. 3B are increased. The data
retention time can be prolonged, which facilitates achieve-
ment of a global shutter system. Note that the imaging
device of one embodiment of the present invention can also
operate with the rolling shutter system.

In FIG. 11 A and FIG. 11B, Line[m] (m 1s a natural number
greater than or equal to 1 and less than or equal to M) may
denote the pixels 100 in the m-th row, En may denote
exposure performed on the pixels 100 in the n-th row, and
Rn may denote the reading operation 1n the pixels 100 1n the
n-th row. Alternatively, Line[m] (m 1s a natural number
greater than or equal to 1 and less than or equal to M) may
denote the pixel blocks 200 in the m-th row, En may denote
exposure performed on the pixel blocks 200 in the n-th row,
and Rn may denote the reading operation in the n-th row.

The 1maging device of one embodiment of the present
invention may include a pixel illustrated in FIG. 11C.

The pixel illustrated in FIG. 11C includes the photoelec-
tric conversion device 101, the transistor 102, the transistor
103, a capacitor 171, the capacitor 150, the transistor 105,
the transistor 108, and a transistor 172. A signal from the
photoelectric conversion device 101 1s supplied to one of a
source and a drain of the transistor 102, and the other of the
source and the drain of the transistor 102 1s electrically
connected to one of a source and a drain of the transistor 103
and a node N2. The other of the source and the drain of the
transistor 103 1s electrically connected to the wiring 113, the
node N2 1s electrically connected to one of electrodes of the
capacitor 171, and the other electrode of the capacitor 171
1s electrically connected to the node N. A gate of the
transistor 102 1s electrically connected the wiring 116. A gate
of the transistor 103 is electrically connected to the wiring
117. A gate of the transistor 105 1s electrically connected to
the node N. A gate of the transistor 108 1s electrically
connected to the wiring 122. A gate of the transistor 172 1s
clectrically connected to a wiring 173.

In FIG. 11C, the node N 1s electrically connected to one
of electrodes of the capacitor 150, a gate of the transistor
105, one of a source and a drain of the transistor 172.

At the first time, a signal for turning on the transistor 102
1s supplied from the wiring 116 to the gate of the transistor
102, and a signal from the photoelectric conversion device
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101 1s supplied to the node N2. The potential of the node N2
changes depending on a supplied signal to be a potential V1

[V]. A signal for turming on the transistor 172 1s supplied
from the wiring 173 to the gate of the transistor 172, so that
a reference potential 1s supplied to the node N. Here, 0 [V]
1s supplied as the reference potential.

At the second time, a signal for turning oil the transistor
102 1s supplied from the wiring 116 to the gate of the
transistor 102. A signal for turning ofl the transistor 172 1s
supplied from the wiring 173 to the gate of the transistor
172. A signal for turning off the transistor 103 1s supplied
from the wiring 117 to the gate of the transistor 103, so that
a reference potential 1s supplied to the node N2. Here, VDD
[V] 1s supplied as the reference potential, and the potential
of the node N2 1s mncreased from the potential V1 [V] to
VDD [V]. In response to the change 1n the potential of the
node N2, the potential of the node N 1s increased from 0 V
to VDD-V1 [V] by capacitive coupling.

At the third time, a signal for turning ofl the transistor 103
1s supplied form the wiring 117 to the gate of the transistor
103. A signal for turning off the transistor 172 1s supplied
from the wiring 173 to the gate of the transistor 172. A signal
for turning on the transistor 102 1s supplied from the wiring
116 to the gate of the transistor 102, so that a signal from the
photoelectric conversion device 101 1s supplied to the node
N2. The potential of the node N2 comes to a potential V2
[V]. The potential of the node N 1s decreased to (V2-V1)
[V] by capacitive coupling. In other words, a difference
between the signal from the photoelectric conversion device
101 at the first time and the signal from the photoelectric
conversion device 101 at the third time 1s supplied to the
node N.

Thus, 1n the pixel illustrated 1n FIG. 11C, a difference
between signals at two times can be calculated and output.
The image captured at the first time 1s a reference 1mage, the
image captured at the third time 1s an 1image for comparison,
and the two 1mages are compared, so that motion detection
can be performed.

This embodiment can be combined with any of the other
embodiments and examples as appropriate.

Embodiment 2

In this embodiment, structure examples and the like of the
imaging device of one embodiment of the present invention
will be described.

FIG. 12A and FIG. 12B illustrate examples of a structure
of a pixel included 1n the imaging device. The pixel 1llus-
trated 1n FIG. 12A 1s an example of a stacked structure of a
layer 502 and a layer 503.

The layer 502 includes the pixel 100 and the photoelectric
conversion device 101. The layer 503 includes an optical
conversion layer and a microlens array.

The photoelectric conversion device 101 can have a
stacked structure of a layer 565a and a layer 5656 as
illustrated in FIG. 12C.

The photoelectric conversion device 101 1illustrated 1n
FIG. 12C 1s a pn-junction photodiode; for example, a p-type
semiconductor can be used for the layer 565a, and an n-type
semiconductor can be used for the layer 56556. Alternatively,
an n-type semiconductor may be used for the layer 563a, and
a p-type semiconductor may be used for the layer 5635.

The photoelectric conversion device 101 can have a
stacked-layer structure of the layer 5634, the layer 5655, and
a layer 5635c¢ as 1llustrated 1n FIG. 12D.

The photoelectric conversion device 101 illustrated 1n
FIG. 12D 1s a pn-junction photodiode; for example, a p-type
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semiconductor can be used for the layer 56354, and an n-type
semiconductor can be used for the layer 5655. The stacked
structure of the layer 565a and the layer 5656 enables
formation of a pn-junction photodiode. A p-type semicon-
ductor can be used for the layer 565¢. Use of a p-type
semiconductor for the layer 565¢ can inhibit surface scat-
tering, for example, in some cases.

Alternatively, an n-type semiconductor may be used for
the layer 565a, a p-type semiconductor may be used for the
layer 5655, and an n-type semiconductor may be used for the
layer 565c.

Alternatively, as illustrated in FIG. 12E, the photoelectric
conversion device may be a pin-junction photodiode 1in
which a layer 5654 that 1s an 1-type semiconductor 1s
provided between the layer 5654 and the layer 5655.

The pn-junction photodiode or the pin-junction photo-
diode can be formed using single crystal silicon. The pin-
junction photodiode can also be formed using a thin film of
amorphous silicon, microcrystalline silicon, polycrystalline
silicon, or the like.

The photoelectric conversion device 101 included 1n the
layer 502 may have a stacked structure of a layer 566a, a
layer 566b, a layer 566¢, and a layer 566d as 1llustrated 1n
FIG. 12F. The photoelectric conversion device 101 1llus-
trated 1n FIG. 12F 1s an example of an avalanche photodiode,
and the layer 566a and the layer 566d correspond to elec-
trodes and the layers 5665 and 566¢ correspond to a pho-
toelectric conversion portion.

The layer 5664 1s preferably a low-resistance metal layer
or the like. For example, aluminum, titanium, tungsten,
tantalum, silver, or a stacked layer thereof can be used.

A conductive layer having a high light-transmitting prop-
erty with respect to visible light 1s preferably used as the
layer 566d4. For example, indium oxide, tin oxide, zinc
oxide, indium tin oxide, gallium zinc oxide, indium gallium
zinc oxide, graphene, or the like can be used. Note that a
structure 1 which the layer 5664 1s omitted can also be
employed.

For the layer 502 illustrated mn FIG. 12A, a silicon
substrate can be used, for example. The silicon substrate
includes a Si transistor or the like. With use of the Si
transistor, as well as a pixel circuit, a circuit for driving the
pixel circuit, a circuit for reading out an 1mage signal, an
1mage processing circuit, a memory circuit, or the like can
be provided. Specifically, some or all of the transistors
included 1n the circuits 201, 301, 302, 303, 304, and 305
described 1n Embodiment 1 can be provided in the layer 502.

Furthermore, the pixel may have a stacked-layer structure
of a layer 501, the layer 502, and the layer 503 as 1llustrated
in FIG. 12B.

The layer 501 can include a capacitor included 1n the pixel
100.

When the capacitor 104 or the capacitor 150 included in
the pixel 100 1s provided in the layer 501, the capacitor 1s
stacked over the layer 502. In this case, the area of the
imaging device can be made small even 1f the capacitance
value of the capacitor 104 1s increased. In the case where the
capacitor 104 and the transistor included 1n the pixel 100 are
formed 1n different processes, the imaging device can be
manufactured at lower cost in some cases.

The layer 501 can include, 1mn addition to the capacitor
104, part of semiconductor elements, such as the transistor
and the capacitor, included 1n the pixel 100.

In the case where the layer 501 1ncludes, in addition to the
capacitor 104, part of the transistors included in the pixel
100, the ratio of the area of the photoelectric conversion
device 101 to the area of the pixel in the layer 502 can be
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increased. Thus, the sensitivity of the imaging device can be
increased 1n some cases. Furthermore, the resolution of the
imaging device can be increased 1n some cases.

The layer 501 may include some or all of the transistors
included 1n the circuits 201, 301, 302, 303, 304, and 305.

With such a structure, components of the pixel circuit and
the peripheral circuits can be distributed 1 a plurality of
layers and the components can be provided to overlap with
cach other or any of the components and any of the periph-
eral circuits can be provided to overlap with each other,
whereby the area of the imaging device can be reduced. In
the structure of FIG. 12B, the layer 501 may serve as a
support substrate, and the layer 502 may be provided with
the peripheral circuits.

[Stacked Structure 1]

Next, a stacked structure of the imaging device 1is
described with reference to a cross-sectional view.

FIG. 13A 1s an example of a cross-sectional view of a
stacked body including the layer 502 and the layer 503.
<Layer 502>

The layer 502 includes the pixel 100 formed on a silicon
substrate. Here, the transistor 102, the transistor 103, the
capacitor 104, the capacitor 150, and the photoelectric
conversion device 101 are illustrated as parts of the pixel
100.

The photoelectric conversion device 101 1s a pn-] unction
photodiode formed on a silicon substrate and includes a
p-type region 243 and an n-type region 244. The photoelec-
tric conversion device 101 1s a pinned photodiode, which
can suppress dark current and reduce noise with a p-type
region 241 provided on the surface side of the n-type region
244 . Note that the p-type region 243 may be used as the
p-type region 241. The p-type region 241 preferably has
lower resistance than the p-type region 243. Furthermore,
the n-type region 244 preferably has lower resistance than
the p-type region 243. In addition, p-type regions and n-type
regions may be iterchanged between the p-type region 243,
the p-type region 241, and the n-type region 244.

The transistor 102 and the transistor 103 are transistors
formed on the silicon substrate. The transistor 102 and the
transistor 103 each include the following: a conductive layer
serving as a gate; a source, a drain, and a channel formation
region positioned between the source and the drain, which
are Tormed using the silicon substrate; and a gate msulating
layer provided between the conductive layer serving as a
gate and the channel formation region. Note that in the
example illustrated 1n FIG. 13A, a source region and a drain
region of each of the transistor 102 and the transistor 103 are
formed using the n-type region.

In the layer 502, an 1nsulating layer 242 and an 1nsulating,
layer 245 are provided. The insulating layer 242 functions as
an element isolation layer. The insulating layer 243 has a
function of suppressing carrier leakage.

The silicon substrate 1s provided with a groove that
separates pixels, and the insulating layer 245 1s provided on
the top surface of the silicon substrate and 1n the groove. The
insulating layer 245 can suppress leakage of carriers gener-
ated 1n the photoelectric conversion device 101 to an adja-
cent pixel. The sulating layer 245 also has a function of
suppressing entry of stray light. For example, the grove
provided in the 1nsulating layer 245 mnlibits entry of stray
light from the adjacent pixel in some cases. Therefore, color
mixture can be suppressed with the insulating layer 245.
Note that an anti-reflection film may be provided between
the top surface of the silicon substrate and the insulating

layer 245.
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The element 1solation layer can be formed by a LOCOS
(LOCal Oxidation of Silicon) method, an STI (Shallow

Trench Isolation) method, or the like. As the insulating layer
245, for example, an 1norganic insulating film of silicon
oxide, silicon nitride, or the like or an organic insulating film
of polyimide, acrylic, or the like can be used. The msulating
layer 245 may have a multilayer structure.

In the example illustrated in FIG. 13A, the n-type region
244 (corresponding to a cathode) of the photoelectric con-

version device 101 can also function as one of the source and
the drain of the transistor 102.

Furthermore, in the layer 502, insulating layers 222, 223,
226, and 227 and a wiring 121 are provided. The insulating
layer 222 functions as a protective film. The insulating
layers 223 and 227 function as an interlayer insulating film
and a planarization film. The nsulating layer 226 functions
as a dielectric layer of the capacitor 150. The wiring 121 has
a function of a power supply line. The p-type region 243
(anode) 1s electrically connected to the wiring 121.

As the protective film, for example, a silicon nitride film,
a silicon oxide film, an aluminum oxide film, or the like can
be used. As the mterlayer insulating film and the planariza-
tion film, for example, an 1norganic msulating film such as
a silicon oxide film or an organic insulating film of an acrylic
resin, a polyimide resin, or the like can be used. As the
dielectric layer of the capacitor, a silicon nitride film, a
silicon oxide film, an aluminum oxide film, or the like can
be used.

The Si transistor illustrated in FIG. 13A i1s a planar
transistor including a channel formation region in the silicon
substrate. Note that the S1 transistor may have a fin-type
structure as illustrated mn FIG. 18A. FIG. 18B illustrates a
cross section along Al1-A2 (cross section 1n the channel
width direction) 1n FIG. 18A.

Alternatively, as illustrated i FIG. 18C, a ftransistor
including a semiconductor layer 345 of a silicon thin film
may be used. The semiconductor layer 545 can be single
crystal silicon (SOI (Silicon on Insulator)) formed on an
insulating layer 546 on a silicon substrate 210, for example.

As a conductor that can be used for a wiring, an electrode,
and a plug used for electrical connection between devices, a
metal element selected from aluminum, chromium, copper,
silver, gold, platinum, tantalum, nickel, titanium, molybde-
num, tungsten, hafnium, vanadium, niobium, manganese,
magnesium, zircontum, beryllium, indium, ruthenium,
iridium, strontium, and lanthanum; an alloy containing any
of the above metal elements as its component; an alloy
containing a combination of the above metal elements; or
the like 1s selected and used as appropriate. The conductor
1s not limited to a single layer, and may be a plurality of
layers including different materials.

The capacitor 104 1s a trench capacitor provided on the
silicon substrate. The capacitor 104 illustrated 1n FIG. 13A
includes a trench formed in the p-type region 243 of the
silicon substrate, a conductive layer 151 formed so that the
trench 1s filled therewith, and an 1nsulating layer 152 formed
between the p-type region 243 and the conductive layer 151.
The p-type region 243 and the conductive layer 151 function
as electrodes of the capacitor 104.

The aspect ratio of the trench formed on the silicon
substrate 1s preferably greater than or equal to 10, further
preferably greater than or equal to 20. The higher the aspect
ratio 1s, the higher the capacitance value with respect to the
circuit area 1s. The aspect ratio of the trench i1s a value
obtained by dividing the depth of the trench with a diameter
of an upper portion of the trench.
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The film thicknesses of the insulating layer 152 1s prei-
erably smaller than or equal to 20 nm, further preferably
smaller than or equal to 15 nm, still further preferably
smaller than or equal to 10 nm. The thickness of the
insulating layer 152 1s decreased, whereby the capacitance
value of the capacitor 104 can be increased. On the other
hand, the msulating layer 152 with a certain thickness makes
variation between elements small. Thus, the thickness of the
insulating layer 152 1s greater than or equal to 1 nm, or
greater than or equal to 2 nm, for example.

The conductive layer 151 can be formed using, for
example, the above-described matenials and structures that
can be used for wirings, electrodes, and plugs, and the like.
Alternatively, polycrystalline silicon doped with impurities
such as phosphorus or boron for reducing resistance can be
used for the conductive layer 151.

The msulating layer 152 can function as a dielectric of the
capacitor 104. For the msulating layer 152, a thermal oxide
film obtained by oxidizing the surface of the trench that is
formed on the silicon substrate 1s preferably used, for
example.

In one or both of the capacitor 104 and the capacitor 150,
the dielectric preferably includes one or more selected from
silicon oxide, aluminum oxide, hatnium oxide, and zirco-
nium oxide. Alternatively, a stack of these materials may be
used.

In one or both of the capacitor 104 and the capacitor 150,
the dielectric may include an oxide including one or more
selected from silicon, aluminum, titanium, lead, barium,
strontium, barium, zirconium, and bismuth. For example,
strontium titanate, barium titanate, bartum strontium titan-
ate, or the like may be included. Alteratively, stacked
structures including these materials may be used.

FIG. 13B illustrates an example in which the structure of
the capacitor 104 1s different from that in FIG. 13A. Note
that the details of the layer 503 in FIG. 13B are not shown
for simplicity. In the capacitor 104 1llustrated 1n FIG. 13B,
an example 1 which an n-type region i1s provided on a
surface of the trench provided on the silicon substrate 1s
shown. In the capacitor 104 illustrated in FIG. 13B, the
n-type region provided on a surface of the trench and the
conductive layer 151 function as electrodes of the capacitor
104. The n-type region provided on the surface of the trench
preferably has lower resistance than the p-type region 243.

The capacitor 150 includes a conductive layer 123 and a
conductive layer 124 with the insulating layer 226 therebe-
tween. The conductive layer 123 and the conductive layer
124 function as electrodes of the capacitor 150.

The conductive layer 123 is electrically connected to the
other of the source and the drain of the transistor 102 and one
of the source and the drain of the transistor 103 through a
conductive layer formed in the msulating layer 223.

Note that 1n FIG. 13A, FIG. 13B, and FIG. 14 that 1s
describe later, the capacitor 104 and the capacitor 150 may
be interchanged.
<Layer 503>

The layer 503 1s formed over the layer 502. The layer 503
includes a light-blocking layer 251, an optical conversion
layer 250, and a microlens array 2585.

The light-blocking layer 251 can suppress entry of light
into an adjacent pixel. As the light-blocking layer 251, a
metal layer of aluminum, tungsten, or the like can be used.
The metal layer and a dielectric film functioning as an
anti-reflection film may be stacked.

As the optical conversion layer 250, a color filter can be

used. When colors of R (red), G (green), B (blue), Y
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(vellow), C (cyvan), M (magenta), and the like are assigned
to the color filters of respective pixels, a color image can be
obtained.

When a wavelength cut filter 1s used as the optical
conversion layer 250, the imaging device can capture
images 1n various wavelength regions

For example, when a filter that blocks light having a
wavelength shorter than or equal to that of visible light 1s
used as the optical conversion layer 250, an infrared imaging,
device can be obtained. When a filter that blocks light having
a wavelength shorter than or equal to that of near infrared
light 1s used as the optical conversion layer 250, a far-
infrared 1imaging device can be obtained. When a filter that
blocks light having a wavelength longer than or equal to that
of visible light 1s used as the optical conversion layer 250,
an ultraviolet 1imaging device can be obtained.

Furthermore, when a scintillator 1s used as the optical
conversion layer 250, an 1maging device that obtains an
image visualizing the intensity of radiation, which 1s used
for an X-ray 1maging device or the like, can be obtained.
Radiation such as X-rays passes through an object and enters
the scintillator, and then 1s converted into light (fluores-
cence) such as visible light or ultraviolet light owing to a
photoluminescence phenomenon. Then, the photoelectric
conversion device 101 detects the light to obtain 1image data.
Furthermore, the 1imaging device having this structure may
be used 1n a radiation detector or the like.

A scintillator contains a substance that, when 1rradiated
with radiation such as X-rays or gamma-rays, absorbs
energy of the radiation to emit visible light or ultraviolet
light. For example, a resin or ceramics in which Gd,O,S:Th,
Gd,O,S:Pr, Gd,0,S:Eu, BaFCl:Eu, Nal, Csl, CaF,, BaF,,
CeF,, LiF, Lil, ZnO, or the like 1s dispersed can be used.

The microlens array 255 1s provided over the optical
conversion layer 250. Light passing through an individual
lens of the microlens array 235 goes through the optical
conversion layer 250 directly under the lens, and the pho-
toelectric conversion device 101 1s wrradiated with the light.
With the microlens array 235, collected light can be incident
on the photoelectric conversion device 101; thus, photoelec-
tric conversion can be etliciently performed. The microlens
array 255 1s preferably formed using a resin, glass, or the
like with a high visible-light transmitting property.
| Stacked Structure 2]

FI1G. 14 illustrates a structure example different from that
in FIG. 13B.

FIG. 14 1s an example of a cross-sectional view of a
stacked body that includes the layer 501 to the layer 503 and
has a bonding plane between the layer 501 and the layer 502.

FIG. 14 1s different from FIG. 13B 1n that an insulating
layer 231 and a conductive layer 132 are included, that the
layer 501 1s included, and the capacitor 104 1s provided 1n
a different layer from that in FIG. 13B. Whereas FIG. 13
illustrates the example 1n which the capacitor 104 1s pro-
vided 1n the layer 502, FIG. 14 illustrates an example in
which the capacitor 104 1s provided in the layer 501.

The layer 502 illustrated 1n FIG. 14 includes the insulating,
layer 231 and the conductive layer 132.

The nsulating layer 231 and the conductive layer 132
function as bonding layers.

The conductive layer 132 1s electrically connected to the
conductive layer 123.
<Layer 301>

The layer 501 illustrated in FIG. 14 includes a silicon
substrate 153 and the capacitor 104. The capacitor 104 1s a
trench capacitor provided in the silicon substrate. The
capacitor 104 1llustrated in FIG. 14 includes an n-type region
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154 formed near the surface of the trench formed 1n the
s1licon substrate 153, a conductive layer 155 formed so that
the trench 1s filled therewith, and an insulating layer 156
formed between the n-type region and the conductive layer
155. The n-type region 154 and the conductive layer 155
function as electrodes of the capacitor 104. The insulating
layer 156 functions as a dielectric layer of the capacitor 104.
Note that the capacitor 104 illustrated 1n FIG. 14 may have
a structure without the n-type region 154. For materials,
structures, and the like, which can be employed for the
conductive layer 155 and the insulating layer 136, the
description for the conductive layer 151 and the insulating
layer 152 can be referred to.

The msulating layer 156 can be formed by thermal
oxidation of silicon, for example. Formation of an insulating
f1lm obtained by thermal oxidation of silicon enables a dense
thin film with a uniform thickness to be formed. Thermal
oxidation of silicon 1s a way for enabling formation of a
thinner insulating film simply and stably, and such an
insulating film 1s suitable for formation of the capacitor 104
with high capacitance value.

The layer 501 includes an insulating layer 222b, an
insulating layer 2235, an insulating layer 2275, an insulating
layer 229, a conductive layer 158, and a conductive layer
131, over the silicon substrate 153 and the conductive layer
155. The msulating layers 2225, 2235, and 2275 function as
interlayer msulating films and planarization films.

The msulating layer 229 and the conductive layer 131
function as bonding layers. The conductive layer 131 1is
clectrically connected to the conductive layer 155 through
the conductive layer 158 formed 1n the msulating layer 22756
and a conductive layer formed 1n the msulating layer 2235.
[Stacked Structure 3]

FIG. 15 illustrates an example in which the layer 501
includes a transistor.

The stacked structure illustrated 1n FIG. 15 includes the
layer 501 to the layer 503 and a bonding plane between the
layer 501 and the layer 502.

In FIG. 15, the layer 501 includes the capacitor 104 and
the transistor 106, the layer 502 includes the transistor 102,
the transistor 103, the photoelectric conversion device 101,
and the capacitor 150, and the layer 503 1ncludes the optical
conversion layer 250. Furthermore, in the pixel included 1n
the 1maging device of one embodiment of the present
invention, the layer 502 may have a structure without the
capacitor 150. FIG. 16 A 1llustrates an example 1n which the
capacitor 150 1s omitted from the structure of FIG. 15.

The transistor 106 1n FIG. 15 includes a conductive layer

263 which can function as a gate, and an n-type region 264
and an n-type region 265 which function as a source region
and a drain region.
The capacitor 104 1n FIG. 15 includes a conductive layer
261 over the conductive layer 155 additionally as compared
with the capacitor 104 illustrated in FIG. 14. The conductive
layer 155 and the conductive layer 261 are electrically
connected to each other. The conductive layer 261 and the
conductive layer 263 may be formed through the same
pProcess.

Current flows between the n-type region 154 and the
n-type region 264.

The n-type region 265 1s clectrically connected to a
conductive layer 262 over the msulating layer 2235 through
a conductive layer formed to be embedded 1n the msulating
layer 2225 and the insulating layer 2235. The conductive
layer 262 functions as the wiring 111, for example. Alter-
natively, for example, the conductive layer 262 1s electri-

cally connected to the wiring 111.
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A p-type region may be used for a channel formation
region of the transistor 106, or the like, for example. The
n-type regions 264, 265, and 154 preferably have lower

resistance than the p-type region. Furthermore, the p-type
region used for the channel formation region of the transistor
106 or the like may be interchanged with an n-type region,
and the n-type regions 264, 265, and 154 may be inter-
changed with p-type regions.

With use of the structures of FIG. 15 and FIG. 16A, the
number of transistors placed 1n the layer 302 can be smaller
and the ratio of the area of the photoelectric conversion
device 101 to the area of the pixel can be higher, than those
in the structure illustrated in FIG. 14. Consequently, the
sensitivity of the imaging device of one embodiment of the
present mvention can be increased. Furthermore, the reso-
lution of the 1maging device of one embodiment of the
present mvention can be increased.

In the structures of FIG. 15 and FIG. 16A, the n-type

region 264 and the n-type region 154 are in contact with
cach other and can be formed to be a continuous structure.
Thus, the distance between the elements, 1.e., between the
transistor 106 and the capacitor 104 can be reduced,
whereby the circuit can have high integration degree.

As the structure of the capacitor 104, a structure 1llus-
trated in FIG. 16B may be employed. In the capacitor 104
illustrated 1n FIG. 16B, the conductive layer 155 included 1n
the capacitor 104 1s 1n contact with the n-type region 264
included 1n the transistor 106 1n a shallow region of the
trench. The n-type region 154 1s not necessarily provided in
the capacitor 104 illustrated in FIG. 16B. In FIG. 16B, the
conductive layer 158 1s preferably electrically connected to
a substrate potential of the silicon substrate 153.

FIG. 17A illustrates an example in which the layer 501
includes the transistor 105 in addition to the structure
elements 1llustrated 1n FIG. 16 A. In FIG. 17A, the transistor
105 1s formed on the silicon substrate 153. A conductive
layer 266 included in the transistor 105 can function as a
gate ol the transistor 105. The conductive layer 266 1is
clectrically connected to the conductive layer 261 through
the conductive layer 158.

FIG. 17B illustrates an example 1in which the layer 502
includes the transistor 105 in addition to the structure
clements illustrated in FIG. 16A. The transistor 105 1s
formed on the silicon substrate. A conductive layer 267
included in the transistor 105 can function as a gate of the
transistor 105. The conductive layer 267 is electrically
connected to the other of the source and the drain of the
transistor 102 and one of the source and the drain of the
transistor 103 through a conductive layer formed in the
insulating layer 223 or the like.

Note that the detailed description of the layer 503 1s
omitted 1n FIG. 16 A, FIG. 16B, FIG. 17A, and FIG. 17B for
simplicity.

Any of the structures 1illustrated in FIG. 13A, FIG. 13B,
FIG. 14, FIG. 15, FIG. 16A, FIG. 16B, FIG. 17A, and FIG.
17B may be applied to transistors and the capacitor included
in the pixel 1llustrated in FIG. 11C. For example, any of the
structures of the capacitor 104 may be applied to the
capacitor 171. Furthermore, any of the structures of the
transistor 106 may be employed for the transistor 172.
| Bonding]

Next, bonding of the layer 501 and the layer 502 1s
described with reference to FIG. 14 or the like.

The msulating layer 229 and the conductive layer 131 are
provided in the layer 501. The conductive layer 131 includes
a region embedded 1n the msulating layer 229. Furthermore,
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the surfaces of the insulating layer 229 and the conductive
layer 131 are planarized to be level with each other.

The mnsulating layer 231 and the conductive layer 132 are
provided in the layer 502. The conductive layer 132 includes
a region embedded 1n the mnsulating layer 231. Furthermore,
the surfaces of the insulating layer 231 and the conductive
layer 132 are planarized to be level with each other.

Here, a main component of the conductive layer 131 and
a main component of the conductive layer 132 are preferably
the same metal element. Furthermore, the insulating layer
229 and the msulating layer 231 are preferably formed of the
same component.

For the conductive layers 131 and 132, Cu, Al, Sn, Zn, W,
Ag, Pt, or Au can be used, for example. Preferably, Cu, Al,
W, or Au 1s used for easy bonding. In addition, for the
insulating layers 229 and 231, silicon oxide, silicon oxyni-
tride, silicon nitride oxide, silicon nitride, titanium nitride, or
the like can be used.

That 1s, the same metal material described above 1s
preferably used for the conductive layer 131 and the con-
ductive layer 132. Furthermore, the same 1nsulating material
described above 1s preferably used for the insulating layer
229 and the insulating layer 231. With this structure, bond-
ing at a boundary between the layer 501 and the layer 502
can be performed with high yield.

Note that the conductive layer 131 and the conductive
layer 132 may each have a multilayer structure of a plurality
of layers; 1n that case, the outer layers (bonding surfaces) are
formed of the same metal material. The insulating layer 229
and the insulating layer 231 may each have a multilayer
structure of a plurality of layers; 1n that case, the outer layers
(bonding surfaces) are formed of the same 1nsulating mate-
rial.

Through the above bonding, the electrical connection
between the conductive layer 131 and the conductive layer
132 can be obtained favorably. Moreover, the connection
between the insulating layer 229 and the insulating layer 231
with suflicient mechanical strength can be obtained.

For bonding metal layers to each other, a surface activated
bonding method 1 which the cleaned and activated surfaces
obtained by removing an oxide film, a layer adsorbing
impurities, and the like on the surface by sputtering or the
like are brought into contact to be bonded to each other can
be used. Alternatively, a diffusion bonding method in which
the surfaces are bonded to each other by using temperature
and pressure together can be used, for example. Both
methods cause bonding at an atomic level, and therefore not
only electrically but also mechanically excellent bonding
can be obtained.

Furthermore, for bonding msulating layers to each other,
a hydrophilic bonding method or the like can be used; 1n the
method, after high planarity of the isulating layers 1s
obtained by polishing or the like, the surfaces of the 1nsu-
lating layers are subjected to hydrophilicity treatment with
oxygen plasma or the like, arranged in contact with and
bonded to each other temporarily, and then dehydrated by
heat treatment, so that final bonding 1s performed. The
hydrophilic bonding method can also cause bonding at an
atomic level; thus, mechanically excellent bonding can be
obtained.

When the layer 501 and the layer 502 are bonded to each
other, the msulating layers and the metal layers coexist on
their bonding surfaces; therefore, the surface activated bond-
ing method and the hydrophilic bonding method are per-
formed in combination, for example.

For example, a method can be used in which the surfaces
are made clean after polishing, the surfaces of the metal
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layers are subjected to antioxidant treatment and hydrophi-
licity treatment, and then bonding 1s performed. Further-
more, hydrophilicity treatment may be performed on the
surfaces of the metal layers being hardly oxidizable metal
such as Au. Note that a bonding method other than the
above-mentioned methods may be used.

With the above bonding, the transistor 102, the transistor
103, the capacitor 150, and the like included 1n the layer 502
can be electrically connected to the capacitor 104 included
in the layer 501.

This embodiment can be combined with any of the other
embodiments and examples as appropriate.

Embodiment 3

In this embodiment, examples of a package and a camera
module 1n each of which an 1image sensor chip is placed are
described. For the tmage sensor chip, the structure of the
imaging device of one embodiment of the present invention
can be used.

FIG. 19A 1s an external perspective view of the top
surface side of a package in which an 1image sensor chip 1s
placed. The package includes a package substrate 610 to
which an 1image sensor chip 650 1s fixed, a cover glass 620,
an adhesive 630 for bonding them, and the like.

FIG. 19B 1s an external perspective view of the bottom
surface side of the package. A BGA (Ball gnid array) in
which solder balls are used as bumps 640 on the bottom
surface of the package 1s employed. Note that, without being
limited to the BGA, an LGA (Land grid array), a PGA (Pin
Grid Array), or the like may be employed.

FIG. 19C 1s a perspective view of the package, in which
parts of the cover glass 620 and the adhesive 630 are not
illustrated. Electrode pads 660 are formed over the package
substrate 610, and the electrode pads 660 and the bumps 640
are electrically connected to each other via through-holes.
The electrode pads 660 are clectrically connected to the
image sensor chip 650 through wires 670.

FIG. 19D 1s an external perspective view of the top
surface side of a camera module in which an 1mage sensor
chip 1s placed in a package with a built-in lens. The camera
module includes a package substrate 611 to which an 1mage
sensor chip 651 1s {ixed, a lens cover 621, a lens 635, and the
like. Furthermore, an IC chip 690 having functions of a
driver circuit, a signal conversion circuit, and the like of the
imaging device 1s provided between the package substrate
611 and the image sensor chip 631; thus, the structure as an
S1P (System 1n package) 1s included.

FIG. 19E 1s an external perspective view of the bottom
surface side of the camera module. A QFN (Quad {flat

no-lead package) structure in which lands 641 for mounting,
are provided on the bottom surface and side surfaces of the
package substrate 611 1s employed. Note that this structure
1s only an example, and a QFP (Quad flat package) or the
above-mentioned BGA may also be provided.

FIG. 19F 1s a perspective view of the module, in which
parts of the lens cover 621 and the lens 635 are not
illustrated. The lands 641 are eclectrically connected to
clectrode pads 661, and the electrode pads 661 are electri-
cally connected to the image sensor chip 651 or the IC chip
690 through wires 671.

The 1mage sensor chip placed in a package having the
above form can be easily mounted on a printed substrate or
the like, and the 1image sensor chip can be incorporated 1nto
a variety of semiconductor devices and electronic devices.
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This embodiment can be combined with any of the other
embodiments and examples as appropriate.

Embodiment 4

As electronic devices that can include the imaging device
of one embodiment of the present invention, display devices,
personal computers, 1mage memory devices or 1mage repro-
ducing devices provided with storage media, mobile phones,
game machines including portable game machines, portable
data terminals, e-book readers, cameras such as video cam-
eras and digital still cameras, goggle-type displays (head
mounted displays), navigation systems, audio reproducing
devices (car audio players, digital audio players, and the
like), copiers, facsimiles, printers, multifunction printers,
automated teller machines (ATM), vending machines, and
the like are given. Specific examples of these electronic
devices are illustrated i FIG. 20A to FIG. 20F.

FIG. 20A 1s an example of a mobile phone, which
includes a housing 981, a display portion 982, an operation
button 983, an external connection port 984, a speaker 985,
a microphone 986, a camera 987, and the like. The display
portion 982 of the mobile phone includes a touch sensor. A
variety of operations such as making a call and inputting text
can be performed by touch on the display portion 982 with
a finger, a stylus, or the like. The 1imaging device of one
embodiment of the present invention and the operation
method thereof can be used for obtaining an 1mage 1n the
mobile phone.

FIG. 20B 1s a portable data terminal, which includes a
housing 911, a display portion 912, a speaker 913, a camera
919, and the like. A touch panel function of the display
portion 912 enables 1mput and output of information. Fur-
thermore, a character or the like 1n an 1image that 1s captured
by the camera 919 can be recognized and the character can
be voice-output from the speaker 913. The imaging device
of one embodiment of the present invention and the opera-
tion method thereof can be used for obtaining an 1mage in
the portable data terminal.

FI1G. 20C 1s a surveillance camera, which includes a
support base 951, a camera unit 952, a protection cover 953,
and the like. By providing the camera unit 952 provided with
a rotating mechanism and the like on a ceiling, an 1mage of
all of the surroundings can be taken. The imaging device of
one embodiment of the present invention and the operation
method thereof can be used for obtaining an 1image in the
camera unit. Note that a surveillance camera 1s a name 1n
common use and does not limit the use thereof. A device that
has a function of a surveillance camera can also be called a
camera or a video camera, for example.

FIG. 20D 1s a video camera, which includes a first housing,
971, a second housing 972, a display portion 973, an
operation key 974, a lens 975, a connection portion 976, a
speaker 977, a microphone 978, and the like. The operation
key 974 and the lens 975 are provided for the first housing
971, and the display portion 973 1s provided for the second
housing 972. The imaging device of one embodiment of the
present invention and the operation method thereof can be
used for obtaining an 1mage in the video camera.

FIG. 20E 1s a digital camera, which includes a housing
961, a shutter button 962, a microphone 963, a light-emitting
portion 967, a lens 9635, and the like. The imaging device of
one embodiment of the present invention and the operation
method thereof can be used for obtaining an 1image in the
digital camera.

FIG. 20F 1s a wrist-watch-type information terminal,
which 1ncludes a display portion 932, a housing and wrist-
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band 933, a camera 939, and the like. The display portion
932 1s provided with a touch panel for performing the
operation of the information terminal. The display portion
932 and the housing and wristband 933 have flexibility and

fit a body well. The imaging device of one embodiment of 5

the present invention and the operation method thereof can
be used for obtaining an 1mage 1n the information terminal.

This embodiment can be combined with any of the other
embodiments and examples as appropriate.

REFERENCE NUMERALS

100: pixel, 101: photoelectric conversion device, 102:
transistor, 103: transistor, 104: capacitor, 103: transis-
tor, 106: transistor, 108: transistor, 111: wiring, 112:
wiring, 112_1: wiring, 112_2: wiring, 113: wiring, 114:
wiring, 115: wiring, 116: wiring, 117: wining, 121:
wiring, 122: wiring, 122_1: wiring, 122_2: wiring, 123:
conductive layer, 124: conductive layer, 131: conduc-
tive layer, 132: conductive layer, 150: capacitor, 151:
conductive layer, 152: msulating layer, 153: silicon
substrate, 154: n-type region, 155: conductive layer,
156: insulating layer, 158: conductive layer, 161: tran-
sistor, 162: transistor, 163: capacitor, 170: circuit, 171:
capacitor, 172: transistor, 173: wiring, 200: pixel block,
201: circuit, 202: capacitor, 203: transistor, 204: tran-
sistor, 205: transistor, 206: transistor, 207: resistor, 210:
silicon substrate, 211: wiring, 212: wiring, 213: wiring,
215: wiring, 216: wiring, 217: wiring, 218: wiring, 219:
wiring, 222: insulating layer, 2225b: insulating layer,
223: insulating layer, 2235: insulating layer, 226: insu-
lating layer, 227: insulating layer, 2275b: 1insulating
layer, 229: 1nsulating layer, 231: insulating layer, 241:
p-type region, 242: insulating layer, 243: p-type region,
244: n-type region, 245: msulating layer, 250: optical
conversion layer, 251: light-blocking layer, 255: micro-
lens array, 261: conductive layer, 262: conductive layer,
263: conductive layer, 264: n-type region, 265: n-type
region, 266: conductive layer, 267: conductive layer,
300: pixel array, 301: circuit, 302: circuit, 303: circuit,
304: circuit, 305: circuit, 311: wiring, 320: memory
cell, 325: reference memory cell, 330: circuit, 350:
circuit, 360: circuit, 370: circuit, 501: layer, 502: layer,
503: layer, 545: semiconductor layer, 546: insulating
layer, 563a: layer, 5655b: layer, 565¢: layer, 565d: layer,
566a: layer, 566b: layer, 566¢: layer, 566d: layer, 610:
package substrate, 611: package substrate, 620: cover
glass, 621: lens cover, 630: adhesive, 635: lens, 640:
bump, 641: land, 650: 1mage sensor chip, 651: 1image
sensor chip, 660: electrode pad, 661: electrode pad,
670: wire, 671: wire, 690: 1C chip, 911: housing, 912:
display portion, 913: speaker, 919: camera, 932: dis-
play portion, 933: housing and wristband, 939: camera,
951: support base, 952: camera unit, 953: protection
cover, 961: housing, 962: shutter button, 963: micro-
phone, 965: lens, 967: light-emitting portion, 971:
housing, 972: housing, 973: display portion, 974:
operation key, 975: lens, 976: connection portion, 977:
speaker, 978: microphone, 981: housing, 982: display
portion, 983: operation button, 984: external connec-
tion port, 985: speaker, 986: microphone, 987: camera

The invention claimed 1s:

1. An 1imaging device comprising:

a pixel block; and

a first circuit,

wherein the pixel block comprises a plurality of pixels
arranged 1n a matrix,
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wherein the pixel block 1s electrically connected to the
first circuit,

wherein each of the plurality of pixels comprises a
photoelectric conversion device, a first transistor, a
second transistor, a third transistor, a first capacitor, a
second capacitor, a first conductive layer and a second
conductive layer,

wherein the photoelectric conversion device, the first
transistor, the second capacitor and the first conductive
layer are formed 1n a first layer,

wherein the first capacitor and the second conductive
layer are formed 1n a second layer,

wherein the second layer 1s bonded to the first layer,

wherein the second conductive layer 1s bonded to the first
conductive layer,

wherein one of a source and a drain of the first transistor
1s electrically connected to one of electrodes of the
photoelectric conversion device,

wherein the other of the source and the drain of the first
transistor 1s electrically connected to one of electrodes
of the first capacitor via the first conductive layer and
the second conductive layer,

wherein one of electrodes of the second capacitor is
clectrically connected to one of electrodes of the first
capacitor via the first conductive layer and the second
conductive layer,

wherein a first potential 1s supplied to the other electrode
of the second capacitor,

wherein one of a source and a drain of the second
transistor 1s electrically connected to the other electrode
of the first capacitor,

wherein a gate of the third transistor is electrically con-
nected to the other of the source and the drain of the
first transistor,

wherein each of the plurality of pixels 1s configured to
generate {first data, wherein each of the plurality of
pixels 1s configured to multiply the first data to have a
given magnification to generate second data,

wherein the first circuit 1s configured to generate third
data corresponding to a total of the first data generated
by the plurality of pixels,

wherein the first circuit 1s configured to add a potential
corresponding to a total of the second data generated by
the plurality of pixels to the third data by capacitive

coupling to form fourth data, and

wherein the first data and the second data each have an
analog value.

2. The imaging device according to claim 1, wherein each

of the first transistor and the second transistor comprises
silicon in a channel formation region.

3. The imaging device according to claim 1,

wherein the first layer 1s formed on a first silicon sub-
strate, and

wherein an n-type region included in the photoelectric
conversion device serves as the one of the source and
the drain of the first transistor.

4. The imaging device according to claim 1, wherein the

first capacitor 1s a trench capacitor.

5. The imaging device according to claim 1,

wherein the first layer 1s formed on a first silicon sub-
strate, and

wherein the first potential 1s a substrate potential of the
first silicon substrate.

6. The imaging device according to claim 1,

wherein the third transistor 1s formed in the first layer,
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wherein the gate of the third transistor 1s electrically
connected to the one of the electrodes of the first
capacitor via the first conductive layer and the second
conductive layer.

7. The imaging device according to claim 1,

wherein the third transistor 1s formed in the second layer,

wherein the gate of the third transistor i1s electrically
connected to the other of the source and the drain of the
first transistor via the first conductive layer and the
second conductive layer.

8. The imaging device according to claim 1, wherein the
second capacitor 1s a trench capacitor.

9. The imaging device according to claim 1, wherein one
ol a source and a drain of the third transistor 1s electrically
connected to the first circuit.

10. An 1maging device comprising;

a pixel block; and

a first circuit,

wherein the pixel block comprises a plurality of pixels

arranged 1n a matrix,

wherein the pixel block i1s electrically connected to the

first circuit,

wherein each of the plurality of pixels comprises a

photoelectric conversion device, a first transistor, a
second transistor, a third transistor, a first capacitor, a
second capacitor, a first conductive layer and a second
conductive layer,

wherein the photoelectric conversion device, the first

transistor, the second capacitor and the first conductive
layer are formed 1n a first layer,

wherein the first capacitor, the second conductive layer

and the second transistor are formed 1n a second layer,
wherein the second layer 1s bonded to the first layer,
wherein the second conductive layer 1s bonded to the first

conductive layer,

wherein one of a source and a drain of the first transistor
1s electrically connected to one of electrodes of the
photoelectric conversion device,

wherein the other of the source and the drain of the first
transistor 1s electrically connected to one of electrodes
of the first capacitor via the first conductive layer and
the second conductive layer,

wherein one of electrodes of the second capacitor 1s
clectrically connected to one of electrodes of the first
capacitor via the first conductive layer and the second
conductive layer,

wherein a {irst potential 1s supplied to the other electrode
of the second capacitor,

wherein one of a source and a drain of the second
transistor 1s electrically connected to the other electrode
of the first capacitor,

wherein a gate of the third transistor 1s electrically con-
nected to the other of the source and the drain of the
first transistor,
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wherein each of the plurality of pixels 1s configured to
generate first data,

wherein each of the plurality of pixels 1s configured to
multiply the first data to have a given magnification to
form second data,

wherein the first circuit 1s configured to generate third
data corresponding to a total of the first data generated
by the plurality of pixels, wherein the first circuit is
configured to add a potential corresponding to a total of
the second data generated by the plurality of pixels to
the third data by capacitive coupling to form fourth

data, and

wherein the first data and the second data each have an

analog value.

11. The 1imaging device according to claim 10, wherein
cach of the first transistor and the second transistor com-
prises silicon in a channel formation region.

12. The imaging device according to claim 10,

wherein the first layer 1s formed on a first silicon sub-

strate, and

wherein an n-type region included in the photoelectric

conversion device serve as the one of the source and the
drain of the first transistor.

13. The imaging device according to claim 10, wherein
the first capacitor 1s a trench capacitor.

14. The imaging device according to claim 10,

wherein the first layer 1s formed on a first silicon sub-

strate, and

wherein the first potential 1s a substrate potential of the

first silicon substrate.

15. The imaging device according to claim 10,
wherein the third transistor 1s formed in the first layer,
wherein the gate of the third transistor 1s electrically

connected to the one of the electrodes of the first

capacitor via the first conductive layer and the second
conductive layer.

16. The imaging device according to claim 10,

wherein the third transistor 1s formed 1n the second layer,

wherein the gate of the third transistor 1s electrically
connected to the other of the source and the drain of the
first transistor via the first conductive layer and the
second conductive layer.

17. The imaging device according to claim 10, wherein
the second capacitor 1s a trench capacitor.

18. The imaging device according to claim 10, wherein
one of a source and a drain of the third transistor 1is
clectrically connected to the first circuit.

19. An electromic device comprising the imaging device
according to claim 1, and a display device.

20. An electronic device comprising the imaging device
according to claim 10, and a display device.
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